Checking flavour models at neutrino facilities by Meloni, DavideDipartimento di Matematica e Fisica, Università di Roma Tre INFN, Sezione di Roma Tre, Via della Vasca Navale 84, I-00146 Rome, Italy
Physics Letters B 728 (2014) 118–124Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Checking ﬂavour models at neutrino facilities✩
Davide Meloni
Dipartimento di Matematica e Fisica, Università di Roma Tre INFN, Sezione di Roma Tre, Via della Vasca Navale 84, I-00146 Rome, Italy
a r t i c l e i n f o a b s t r a c t
Article history:
Received 28 August 2013
Received in revised form 11 October 2013
Accepted 14 November 2013
Available online 22 November 2013
Editor: G.F. Giudice
In the recent years, the industry of model building has been the subject of the intense activity, especially
after the measurement of a relatively large values of the reactor angle. Special attention has been devoted
to the use of non-abelian discrete symmetries, thanks to their ability of reproducing some of the relevant
features of the neutrino mixing matrix. In this Letter, we consider two special relations between the
leptonic mixing angles, arising from models based on S4 and A4, and study whether, and to which
extent, they can be distinguished at superbeam facilities, namely T2K, NOνA and T2HK.
© 2013 The Author. Published by Elsevier B.V. All rights reserved.1. Introduction
The recent measurement of a non-vanishing θ13 by Daya Bay [1]
and RENO [2] has exerted some pressure on models for neutrino
mixing based on the permutation groups (like A4 and S4, [3]),
as they are generically constructed to give at leading order very
speciﬁc patterns in which θ13 = 0 and the other angles are also
completely ﬁxed. Corrections from the charged sector or next-to-
leading contributions to the neutrino mass matrix have to be in-
voked to correct such patterns and make the models compatible
with the experimental data. The usual approach to model build-
ing is that of considering a Lagrangian invariant under a ﬂavour
group G and to subsequently break G into two different subgroups
in the charged lepton and neutrino sector, is such a way to create
two different rotations, responsible for a non-diagonal Pontecorvo–
Maki–Nakagawa–Sakata (UPMNS) mixing matrix. The structure of G
can also be reconstructed from the residual symmetries of the
mass matrices after symmetry breaking; for example, using the cri-
terion that a ﬂavour group should be obtained from the neutrino
mixing matrix without parameter tuning, it was shown in [4] that
the minimal group containing all the symmetries of the neutrino
mass matrix and leading to the tri-bimaximal mixing (TBM [5])
is S4. The fact that the mixing angles are ﬁxed to well deﬁned val-
ues is the consequence of forcing all the symmetries of the mass
matrix to belong to G . Moving from this consideration, in [6] a dif-
ferent point of view was adopted: they assumed that the residual
symmetries in both the charged lepton and neutrino sectors are
one-generator groups. Indicating with Si and Tα (α = e,μ, τ ) the
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and charged leptons mass matrices, the previous condition implies
that {Si, Tα} form a set of generators for the ﬂavor group G for
given i and α, with the meaning that all other symmetries ap-
pear accidentally. The structure of the generators is restricted by
the additional requirements to be elements of SU (3), for which
Det[Si] = Det[Tα] = 1, so they can be written as:
S1 = diag(1,−1,−1), S2 = diag(−1,1,−1),
S3 = diag(−1,−1,1), Te = diag
(
1, e2π ik/m, e−2π ik/m
)
,
Tμ = diag
(
e2π ik/m,1, e−2π ik/m
)
,
Tτ = diag
(
e2π ik/m, e−2π ik/m,1
)
. (1)
The deﬁnition of G requires a relation linking Si and Tα , assumed
to be (Si Tα)p = (UPMNSSiU †PMNSTα)p = I . The lack of additional
symmetry in G has the direct consequence that the mixing angles
are not all ﬁxed (like in the TBM) but rather present some interest-
ing correlations, or sum rules, that open the possibility to reconcile
the predictions of the permutation groups with the experimental
data already at leading order (see also [7] for similar sum rules
obtained in the context of S4 and [8] for sum-rules from resid-
ual Z2 symmetries). The question we want to analyze in this Letter
is whether such correlations can be tested at neutrino facilities or,
in other words, if model comparison and selection can be achieved
at currently taking data or planned superbeams. It is clear that if
two models live in completely different regions of the parameter
space (given by the spanned values of all θi j and the leptonic CP
phase) the measurement of the mixing parameters with huge pre-
cision will give the answer; however, we are still away from such
an idealized situation, at least for what concerns the CP phase,
and it is necessary to evaluate the performance of the neutrino
facilities to face this problem. In this respect, we have selected
two models from [6], called 1T and 2T , which have been showns reserved.
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trino sector and with the hypothesis of TBM, and have used their
different correlations to compute and compare (in a χ2 analysis)
the expected event rates at T2K, NOνA and T2HK, with the aim
of identifying the regions in the (θ13, δ)-plane where the models
can be distinguished at some conﬁdence level. An interesting work
along similar lines has been recently presented in [9], where the
main focus was on the ability of next-generation of neutrino os-
cillation experiments to constraints correlations involving θ23, θ13
and cos δ. We differ from [9] in that we consider different neutrino
facilities, we use non-linear relations between the oscillation pa-
rameters and adopt a different statistical analysis with the purpose,
given the lack of information on the CP phase, to present exclusion
regions directly in the (θ13, δ) parameter space. It is important to
stress again that such correlations are leading order predictions, in
the sense that they are derived from group theoretical consider-
ations and do not take into account possible higher order effects
into the lepton mass matrices of new-physics effects [10], other-
wise model-dependent features will appear with the main effect
to spoil the sum rules and introduce additional indetermination
of the parameter spaces where the models live. We do not take
into account this possibility, as we are mainly interested to check
whether the easiest case (validity of the sum rules) can be ad-
dressed at neutrino experiments. We revise the useful neutrino
transition probabilities in Section 2, where we also introduce the
models 1T and 2T and discuss the parameter spaces allowed by
the correlations; in Section 3 we introduce the neutrino facilities
used in our numerical simulation and discuss the results of the
statistical analysis performed to distinguish the models. Our con-
clusions are drawn in Section 4.
2. Setting the background
2.1. The relevant transition probabilities
Since we are interested in the performance of superbeam fa-
cilities, it is enough to consider the νμ → νe appearance and
νμ → νμ disappearance probabilities (and their CP-conjugate).
Given the relatively large θ13, we consider the probabilities up
to ﬁrst order in the small parameter r = 	m2sol/	m2atm ∼ 0.03 [11]
while keeping their exact dependence on θ13. In vacuum they read:
Pμe = sin2 2θ13s223 sin2 	 − r
[
	s212 sin
2 2θ13s
2
23 sin2	
+ 	 sin2θ12s13c213 sin2θ23
(−2 sin δCP sin2 	
+ cos δCP sin2	
)]
, (2)
Pμμ = 1− sin2 	
[
c413 sin
2(2θ23) + s223 sin2(2θ13)
]
+ r{	 sin2	(c213(sin2(2θ23)(c212 − s212s213)
− 4s13 cos δ sin2θ12
)
sin3(θ23) cos(θ23)
)
+ s212s223 sin2(2θ13)
}
, (3)
where 	 ≡ 	m231L4Eν , si j = sin θi j and ci j = cos θi j . Notice that:
P α¯β¯ = Pαβ(δCP → −δCP), (4)
Pβα = Pαβ(δCP → −δCP), α,β = e,μ, τ . (5)
As it is well known, Pμe is mainly dependent of θ13 and δ whereas
Pμμ is recognized to be more sensitive to the atmospheric pa-
rameters; although the dependence on δ is suppressed by the
small r, the approximation adopted shows that θ13 already appears
at leading order. We then expect that ﬂavour models with differ-
ent parameter spaces, that is with the mixing parameters living
in different regions, are also characterized by different transitionFig. 1. Allowed values of δ as a function of sin2 θ13 as derived imposing the correla-
tions among the mixing parameters, Eqs. (7)–(8) for the model 1T and Eqs. (9)–(10)
for 2T .
probabilities that, extracted from the experimental data, can help
in distinguishing among them. In our numerical computations we
consider the mixing angles to vary within the 2σ intervals taken
from [12]:
sin2 θ23 = 0.386+0.062−0.038
sin2 θ13 = 0.0241+0.0049−0.0048
sin2 θ12 = 0.307+0.035−0.032, (6)
whereas the CP phase is left free to vary in the whole [0,2π)
range. We consider the mass differences as constant quantities,
	m231 = 2.4× 10−3 eV2, 	m221 = 7.5× 10−5 eV2, since the models
studied in this Letter do not give any information on the neutrino
masses.
2.2. A summary of the models 1T and 2T
In this section we recall the main features of the correlations
arising from two different models discussed in [6], of which we
also follow the nomenclature. Both of them have Tα = Te . The ﬁrst
model, called 1T , uses the generator S1 = Diag(1,−1,−1) and the
pair of values (p,m) = (4,3), which corresponds to the group S4.
The obtained relations among the mixing angles are:
cos2 θ12 = 2
3cos2 θ13
(7)
and
tan2θ23 = − 1− 5s
2
13
2 cos δs13
√
2(1− 3s213)
, (8)
also obtained in the explicit model of Ref. [13] and further studied
in [14].
For any values of θ13, the ﬁrst relation always gives an accept-
able value of the solar angle, within the 2σ bounds quoted in
Eq. (6), so this relation does not set any restriction on the reac-
tor angle. It has to be noted, however, that the dependence on the
cosines function forces sin2 θ12 to be around 0.31–0.32, very close
to the current central value. On the other hand, Eq. (8) imposes
a constraint on the possible pairs of (θ13, δ) needed to fulﬁll the
bounds for θ23 in Eq. (6); in particular, the value of the CP phase
can never be maximal in this model and, in order to have an at-
mospheric angle in the ﬁrst octant, the relation cos δ > π/2 must
hold. The exact bounds in the (θ13, δ)-plane can be derived nu-
merically from Eq. (8) and are shown in Fig. 1 where, as expected,
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no restriction on the reactor angle is present and the CP phase is
limited in a horizontal band above maximal violation.
The other model considered in our analysis is called 2T , which
uses the generator S2 = Diag(−1,1,−1) and the pair of values
(p,m) = (3,3), which corresponds to the group A4. In this model
the mixing angles and the CP phase are related by the following
relations:
sin2 θ12 = 1
3cos2 θ13
(9)
and
tan2θ23 = 1− 2s
2
13
cos δs13
√
2− 3s213
. (10)
The previous relations set important constraints on the reactor an-
gle and the CP phase. In fact, given the bounds on θ12, the reactor
angle is restricted to be sin2 θ13  0.025, that is in a region where
sin2 θ12 ∼ 0.34, still compatible with the range in Eq. (6). In ad-
dition, the allowed range for the atmospheric angle restricts δ
to be below the maximal value. The situation is illustrated again
in Fig. 1, where we clearly see that the resulting parameter space
in the (θ13, δ)-plane for this model is quite different from that of
the 1T model.
The allowed regions of the atmospheric and solar angles are
instead summarized in Fig. 2. As partially explained above, two
very distinct intervals for the solar angles are implied by the two
models, so a strong improvement in the measurement of the solar
angle could be enough to distinguish among 1T and 2T . On the
other hand, there is a large overlap in the allowed sin2 θ23, due
to the still relatively large uncertainty affecting the determination
of this angle. In principle, a very precise measurement of sin2 θ23
with central value well below ∼ 0.39 can tell the two models but
this possibility seems at the moment quite disfavored.
Equipped with the correlations of Eqs. (7–8) and (9–10), we
can now eliminate the dependence on θ12 and θ23 in the transi-
tion probabilities and get the expressions for the various Pαβ as
predicted by the models, P1T ,2Tαβ . The resulting formulae are quite
cumbersome, so we prefer not to show complicated analytical re-
sults that can hide the physical content of the probabilities. It is
useful, instead, to study the differences:
	Pαβ =
∣∣P1Tαβ − P2Tαβ ∣∣,
which give information on where to expect the largest differ-
ences among the two models. To make life easier, we assume
the same θ12 for the two models, which is a good approximationbecause the intervals of θ1T12 and θ
2T
12 are contained in the 2σ un-
certainties quoted in Eq. (6), and to work in the intervals for θ13,23
where the models overlap; we take, however, different CP phases,
called δ1 if referred to the model 1T and δ2 if referred to 2T . We
get:
	Pμe ∼ 8
3
√
2r	 sin θ13 sin	 sin
(
δ1 − δ2
2
)
× sin
[
1
2
(2	 + δ1 + δ2)
]
	Pμμ ∼ 2
3
√
2r	 sin θ13 sin2	(cos δ2 − cos δ1). (11)
A common feature of the 	Pαβ ’s is the leading dependence on
θ13; given that sin θ13 varies of about 17% in the range quoted in
(6), we expect only a minor effects of θ13 in distinguishing the
models, more pronounced for values close to the rightmost bounds
of the regions in Fig. 1. The dependence on the phases is, con-
versely, very signiﬁcant. In the case of the νμ → νe appearance
channel, 	Pμe is sensibly different from zero for δ1 − δ2 ∼ π ;
this is not exactly the quantity separating the models under in-
vestigation since, as seen in Fig. 1, δ1 − δ2 ∈ [0.6,2.4]; however,
this range of values guarantees that 	Pμe = 0 and then that the
two models can be, at least in principle, distinguished. For the νμ
disappearance channel we observe that, for δ1 ∼ π/2 + δ2 (whose
approximate validity can be appreciated again from Fig. 1), we ob-
tain cos δ2 − cos δ1 = cos δ2 + sin δ2 > 0, because δ2  π/4; thus the
phase dependence of 	Pμμ results in the addition of two positive
contributions and can be relevant in distinguishing the models.
As a ﬁnal remark, we want to stress that our considerations
remain valid for neutrino facilities where matter effects are small,
which is the case of interest in this Letter.
3. Models at long baseline neutrino experiments
Having discussed the parameter space of the two models in an
experimental-independent way, we now turn to the question on
whether long baseline neutrino facilities will be able to tell model
1T from model 2T based on the measurement of Pαβ ’s and the
CP-conjugate transitions. Our previous considerations on probabili-
ties are drawn from analytical expressions in vacuum. However, in
studying the performance of a given experimental setup, one must
take into account the experimental eﬃciencies to detect a given
neutrino ﬂavour. The expected number of events are computed ac-
cording to:
Nβ = N
∫
Eν
dEν Pαβ(Eν)σβ(Eν)
dφα
dEν
(Eν)εβ(Eν),
N¯β = N¯
∫
Eν
dEν P α¯β¯ (Eν)σβ¯(Eν)
dφα¯
dEν
(Eν)εβ¯ (Eν), (12)
in which σβ(β¯) is the cross section for producing the lepton β(β¯),
εβ(β¯) the detector eﬃciency to reveal that lepton, φα(α¯) the ini-
tial neutrino ﬂux at the source and N , N¯ are normalization factors
containing the detector mass and the number of years of data tak-
ing. These events can also be grouped in neutrino energy bins,
thus taking full advantage of different spectral information of Pαβ
or P α¯β¯ . Since the probabilities we are interested in are Pμe and
Pμμ , β can be an electron or a muon (and their antiparticles).
In order to assess the capabilities of a given facility to tell 1T
from 2T we adopt the following strategy:
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1T ,2T
μμ (right panel) as a function of the neutrino energy, for the NOνA setup. The solid line is a down-scaled version of the
νμ NOνA ﬂux, in arbitrary units.• for any pair of the mixing parameters (θ¯13, δ¯) in the regions
allowed for the model 2T we compute the expected number
of events N2Tα,i(θ¯13, δ¯) for a given ﬁnal ﬂavour α and neu-
trino energy bin i (θ12 and θ23 are then determined from
Eqs. (9)–(10));
• we then compare N2Tα,i(θ¯13, δ¯) to N1Tα,i(θ13, δ), where now the
mixing parameters are those of the competing model 1T . In
this procedure, we are implicitly assuming that the model 2T
and the pair (θ¯13, δ¯) are the one chosen by Nature;
• in the next step, we minimize the following χ2 variable over
θ13 and δ in the 1T allowed parameter space [15]:
χ2 = Σα,i
[N1Tα,i(θ13, δ) − N2Tα,i(θ¯13, δ¯)]2
σ 2α,i
, (13)
where the uncertainty is given by:
σ 2α,i = N2Tα,i(θ¯13, δ¯) + Bα,i +
(
nαN
2T
α,i(θ¯13, δ¯)
)2
+ (bαBα,i)2, (14)
in which Bα,i is the background associated to N2Tα,i(θ¯13, δ¯), nα
the overall systematic error related to the determination of
Nα(β),i and bα that of Bα,i . For the sake of simplicity, nα and
bα are constant in the whole energy range;
• if the obtained minimum is larger than some reference χ2
value, χ2min  χ2cut , then in the point (θ¯13, δ¯) the two models
can be distinguished at a given conﬁdence level. The ensemble
of such points identiﬁes the wanted regions.
Obviously, the procedure can also be applied in the reverse order,
that is considering 1T as the true model and ﬁnding a minimum of
the χ2 function in the 2T parameter space. The results will then
be presented in the 1T (θ13, δ)-plane.
In the following numerical simulations, we will proof our strat-
egy at three different experimental setups: NOνA, T2K and T2HK.
All events rates are computed using exact numerical probabilities
in matter.
3.1. Results from NOνA⊕T2K and T2HK
In this section, we brieﬂy consider the experimental setups
used in our numerical simulations.
• The NOνA detector [16] is a 14 kt totally active scintillator
detector (TASD), located at a distance of 810 km from Fermi-
lab, with an off-axis angle of 0.8◦ from the NuMI beam. In
the appearance mode [17], the main backgrounds are due to
the intrinsic beam νe/ν¯e , mis-identiﬁed muons and single π0events from neutral current interactions. In the disappear-
ance mode [18], we have to consider wrong-sign muon from
ν¯μ (νμ) contamination in νμ(ν¯μ) beam and neutral current
events. Due to the relatively large θ13, the collaboration has
relaxed the cuts for the event selection criteria, allowing for
more signal events along with more background events [19].
Our simulation is mainly based on the ﬁles provided by the
GLoBES software [20,21], with migration matrices from [22]
and kindly provided by one of the authors of [23]. In this
way, the signal and backgrounds events released by the NOνA
Collaboration are reproduced [16]. For the sake of simplic-
ity, we take all systematics effects at the level of 5%, that is
nα = bα = 0.05 for α = e−, e+,μ−,μ+ .
For ﬁxed α and β , the energy dependence of the probabilities P1Tαβ
and P2Tαβ is quite different so, at least in principle, the facility could
be eﬃcient in discriminating the two models. In Fig. 3 we show
both P1Tαβ (in light gray) and P
2T
αβ (in dark gray) as a function of
the neutrino energy, obtained varying all the mixing parameters in
the respective allowed ranges, with (α,β) = (μ, e) in the left panel
and (α,β) = (μ,μ) in the right one. The solid line is a down-
scaled version of the νμ NOνA ﬂux. Beside the large ﬂuctuations
of the probabilities below Eν  1 GeV, which are less important
due to the smallness of the neutrino ﬂux, in both cases Pμe and
Pμμ show a different behavior close to the maximum of the ﬂux,
that is in an energy region where NOνA will collect the bulk of
the events. In particular, in the appearance channel the spread we
observe for the 1T model is mainly a consequence of a larger un-
certainty on θ23, which reaches values smaller than sin
2 θ23 ∼ 0.39
and then makes P1Tμe  P2Tμe close to the pick. A smaller atmo-
spheric angle also means a larger νμ disappearance, so in the left
plot we have P1Tμe  P2Tμe for energies above 1 GeV.
• For the T2K we consider the Super-Kamiokande water Ceren-
kov detector of ﬁducial mass of 22.5 kt, placed at a distance
of 295 km from the source beam from J-PARC, at an off-
axis angle of 2.5◦ . Our numerical simulation have been per-
formed based to the information provided in the correspond-
ing GLoBES ﬁles, described in [21,24], to which we refer for
details.
The appearance channels in T2K show an even increased capability
to distinguish among P1Tμe and P
2T
μe: in fact, P
1T
μe is generally smaller
than P2Tμe for energies at and below the maximum of the T2K ﬂux,
thus making the prediction of the two models signiﬁcantly differ-
ent, see Fig. 4. On the other hand, for the disappearance channel
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plot: for the NOνA setup. Right plot: for the T2K setup.Fig. 4. Range of values of P1T ,2Tμe as a function of the neutrino energy, for the T2K
setup. The solid line is a down-scaled version of the νμ T2K ﬂux, in arbitrary units.
we do not observe such a huge difference and we do not present
the corresponding plot.
• For the T2HK setup we follow the proposal and the Letter of
Intent presented in [25], with a WC detector with a ﬁducial
mass of 560 kton, placed at a distance of 295 km from the
source. We assume again nα = bα = 0.05.
It is clear that NOνA and T2K, taken individually, have the po-
tential to make some sort of discrimination among the 1T and 2T
models which, however, strongly depends on the assumed values
of nα , so NOνA and T2K can say something relevant only in a lim-
ited portion of the parameter space. In particular, we have found
that no distinction is possible if we assume that 2T is the correct
model, for any value of nα . On the other hand, under the assump-
tion that 1T gives the values of the mixing parameters chosen by
Nature and nα = 0.05, a limited discrimination is possible for those
points in the (θ13, δ)-plane with the largest possible values of the
CP-phase, in agreement with our discussion below Eq. (11). This
can be seen in Fig. 5 where we show the results of our computa-
tion in the (θ13, δ)-plane allowed for the 1T model, in the case on
NOνA (left plot) and T2K (right plot) experimental setups. In both
plots, the points above the solid lines, δ  2.06, identify the region
where the two models can be distinguished at the 90% of con-
ﬁdence level, using both appearance and disappearance channels.
As expected, the capability of the considered facilities to distin-
guish the two models is almost independent on the value of θ13,
as emphasized in the previous section. For values of nα as large
as 10% no distinction is possible. The sensitivities are the results ofa strong synergy among the appearance and disappearance chan-
nels; in fact, we have observed that:
• the appearance channel alone cannot give any useful informa-
tion, since the sensitivity lines lie above the maximum values
of δ in the 1T parameter space;
• the νμ → νμ transition alone does not allow any discrimina-
tion among 1T and 2T , given the mild dependence in Pμμ
on θ13 and δ, see Eq. (3). However, when used in combina-
tion with the νμ → νe channel, the disappearance transition
sorts some effects, due to the ability of measuring θ23 whose
allowed ranges are slightly different in the two models. Al-
though we ﬁxed the solar and mass differences to their best
ﬁt values quoted in [12], the inclusion of the uncertainty on
	m231 (and, to a less extent, the one from 	m
2
21) does not
change appreciably the regions where confusion is avoided,
mainly due to the relatively small error on 	m231 at the 2σ
level, around 4–5% for both NOνA and T2K facilities.
A different situation arises if we combine the simulated data
from both experiments. The most interesting feature is that a (re-
duced) region in the 2T parameter space appears where the two
models can be distinguished. It involves values of δ no larger
than 0.2, and only for values of the reactor angle close to its upper
bound. In the 1T parameter space, we observe only a modest im-
provement with respect to the case of Fig. 5, due to the fact that
the χ2 functions of the two setups are very similar in the portion
of the parameter space considered, so that no powerful synergy is
at work when combining the data. The different sensitivities ob-
served in the 1T and 2T (θ13, δ)-plane are easily understood in
terms of intrinsic clones [26], that is in terms of points in the pa-
rameter space with the same number of expected events. Consider
ﬁrst the 2T model; the minimum of the χ2 in Eq. (13) is expected
to appear close to the points where the system of equations:
N2Tμ,i(θ¯13, δ¯) = N1Tμ,i(θ13, δ),
N2Te,i (θ¯13, δ¯) = N1Te,i (θ13, δ) (15)
has a solution for (θ13, δ) = (θ¯13, δ¯). A numerical scan of the pairs
(θ¯13, δ¯) in the 2T parameter space, performed using the total event
rates, has shown that many points with small θ¯13 have a mir-
ror in the 1T plane at values close to the smaller allowed δ and
large θ13. Such (θ¯13, δ¯) pairs are then not good to perform a dis-
crimination. Changing 1T ↔ 2T into Eq. (15) produces very similar
results, in the sense that the region that was before the mirror re-
gion is now made of the (θ¯13, δ¯) pairs in the 1T parameter space
where discrimination is not possible (as they have clones located
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level, combining the results from both NOνA and T2K.Fig. 7. Values of θ13 and δ in the 1T and 2T parameter spaces where Eq. (15) (and
the one obtained with the replacement 1T ↔ 2T ) is solved. The computation has
been performed for the T2K setup and considering total rates only.
in the 2T space at small θ13). For the T2K setup, these regions
(black areas) are presented in Fig. 7. Taking into account that the
solution of Eq. (15) only give an indicative position of the clone
points and that NOνA has roughly the same (L/Eν ) as T2K, Fig. 7
shows many of the features of the allowed regions presented in
Fig. 6: the distinction of the models in the 1T space happens at
the largest possible values of δ and that in the 2T can happen
only at large θ13.
For the T2HK setup, we get a much better capability of distin-
guishing the models, Fig. 8; in fact, in both 1T and 2T param-eter spaces the regions where confusion is possible (at 99% and
99.9% CL) are conﬁned into thin stripes close to the lower (1T )
and upper (2T ) bounds, thus making this facility quite appropri-
ate for model selection. The good performance with respect to the
T2K setup has to be ascribed to the interplay between a larger de-
tector mass and the use of the antineutrino modes. In particular,
we have veriﬁed that the inclusion of the antineutrino mode into
the analysis is crucial to get the sensitivities shown in Fig. 8 which,
otherwise, would be a rescaled version of the T2K results shown
in the right panel of Fig. 5 in the 1T parameter space, and a re-
duced sensitivity (for small δ and large θ13) in the 2T parameter
space.
A summary of the previous considerations is presented in
Table 1 where, for each of the facilities and combination analyzed
above, we reported our estimates of the range of values of the CP
phase where distinction is possible among the 1T and 2T models.
These ranges are obviously modulated by θ13 (and in the table we
use “upper bound” to indicate the upper border of the 1T allowed
parameter space), so they represent indicative intervals.
4. Conclusions
Starting from two different neutrino mixing sum rules we have
studied if, and to which extent, NOνA, T2K and T2HK are able to
falsify one of them in favor of the other. This is due to the fact that
the two sum rules identify different set of values of the neutrino
mixing parameters, namely different regions in the CP phase δ
and θ12 and partially overlapping regions for θ13 and θ23, all of
them compatible with the experimental values at 2σ . AnalyticalFig. 8. Regions in the 1T parameter space (left panel) and 2T parameter space (right panel) where the two models under investigation can be distinguished at 99% conﬁdence
level (solid line) and 99.9% conﬁdence level (dashed line), in the case of the T2HK experimental setup.
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Estimates of range of values of δ where distinction is possible among the 1T and 2T models for the facilities analyzed in this Letter. “Upper bound” refers the upped border
of the allowed region for the 1T model. Dashes indicate that no discrimination is possible.
Approximate ranges in δ
NOνA T2K NOνA + T2K T2HK (99% CL)
1T [2.06,upper bound] [2.06,upper bound] [2,upper bound] [1.83,upper bound]
2T – – [0,0.1] for large θ13 [0,1]considerations on the νμ → νe and νμ → νμ transition probabil-
ities revealed that distinguishing the two type of correlations is
possible for large differences among the true values (chosen in one
parameter space) and the ﬁtted values (in the competing param-
eter space) of δ. Our numerical simulations have shown that this
is indeed the case; in particular, NOνA and T2K taken alone have
the capabilities to tell the 1T model from the 2T model at 90% of
conﬁdence level, reducing the portion in the (θ13, δ)-plane of the
1T model where confusion is possible. In the 2T parameter space
we revealed a much worse performance, unless the combination of
NOνA + T2K data is taken into account, and only in a very limited
region at large θ13 and small δ. On the other hand, the T2HK ex-
perimental facility, taking full advantage of a larger detector mass
and of the use of the ν¯μ ﬂux compared to the T2K setup, has a
much better performance in terms of model selection in both pa-
rameter spaces, leaving aside only a small portion of values of δ
where confusion is still possible. These small regions disappear if
we consider the setup of the NF10, thus making this facility use-
ful to perform a selection of sum rules modiﬁed by the inclusion
of various type of next-to-leading order effects.
Acknowledgements
We are strongly indebted with Pilar Coloma, for kindly provid-
ing the modiﬁed GLoBES ﬁles to simulate NOνA and NF10. We also
want to acknowledge Enrique Fernandez Martinez for useful sug-
gestions on the ﬁrst version of the Letter. We acknowledge MIUR
(Italy) for ﬁnancial support under the program ”Futuro in Ricerca
2010 (RBFR10O36O)” and CERN, where this work has been com-
pleted.
References
[1] F.P. An, et al., DAYA-BAY Collaboration, Phys. Rev. Lett. 108 (2012) 171803,
arXiv:1203.1669 [hep-ex].
[2] J.K. Ahn, et al., RENO Collaboration, Phys. Rev. Lett. 108 (2012) 191802,
arXiv:1204.0626 [hep-ex].
[3] G. Altarelli, F. Feruglio, Rev. Mod. Phys. 82 (2010) 2701, arXiv:1002.0211 [hep-
ph];H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada, M. Tanimoto, Prog.
Theor. Phys. Suppl. 183 (2010) 1, arXiv:1003.3552 [hep-th];
S.F. King, C. Luhn, Rep. Prog. Phys. 76 (2013) 056201, arXiv:1301.1340 [hep-ph].
[4] C.S. Lam, Phys. Rev. D, Part. Fields 78 (2008) 073015, arXiv:0809.1185 [hep-ph].
[5] P.F. Harrison, D.H. Perkins, W.G. Scott, Phys. Lett. B 530 (2002) 167, arXiv:hep-
ph/0202074;
Z.-z. Xing, Phys. Lett. B 533 (2002) 85, arXiv:hep-ph/0204049.
[6] D. Hernandez, A.Y. Smirnov, Phys. Rev. D, Part. Fields 86 (2012) 053014,
arXiv:1204.0445 [hep-ph].
[7] F. Feruglio, C. Hagedorn, R. Ziegler, arXiv:1211.5560 [hep-ph].
[8] S.-F. Ge, D.A. Dicus, W.W. Repko, Phys. Rev. Lett. 108 (2012) 041801,
arXiv:1108.0964 [hep-ph];
S.-F. Ge, D.A. Dicus, W.W. Repko, Phys. Lett. B 702 (2011) 220, arXiv:1104.0602
[hep-ph].
[9] P. Ballett, S.F. King, C. Luhn, S. Pascoli, M.A. Schmidt, arXiv:1308.4314 [hep-ph].
[10] G. Altarelli, D. Meloni, Nucl. Phys. B 809 (2009) 158, arXiv:0809.1041 [hep-ph].
[11] E.K. Akhmedov, R. Johansson, M. Lindner, T. Ohlsson, T. Schwetz, J. High Energy
Phys. 0404 (2004) 078, arXiv:hep-ph/0402175.
[12] G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, A.M. Rotunno, Phys.
Rev. D, Part. Fields 86 (2012) 013012, arXiv:1205.5254 [hep-ph].
[13] Y. Lin, Nucl. Phys. B 824 (2010) 95, arXiv:0905.3534 [hep-ph].
[14] G. Altarelli, F. Feruglio, L. Merlo, E. Stamou, J. High Energy Phys. 1208 (2012)
021, arXiv:1205.4670 [hep-ph].
[15] A. Donini, D. Meloni, S. Rigolin, Eur. Phys. J. C 45 (2006) 73;
A. Donini, E. Fernandez-Martinez, D. Meloni, S. Rigolin, Nucl. Phys. B 743 (2006)
41;
D. Meloni, M. Martini, Phys. Lett. B 716 (2012) 186.
[16] R.B. Patterson, NOvA Collaboration, arXiv:1209.0716 [hep-ex].
[17] D.S. Ayres, et al., NOvA Collaboration, arXiv:hep-ex/0503053.
[18] T. Yang, S. Woijcicki”, NOvA Collaboration, Off-Axis-Note-SIM-30.
[19] S.K. Agarwalla, S. Prakash, S.K. Raut, S.U. Sankar, J. High Energy Phys. 1212
(2012) 075, arXiv:1208.3644 [hep-ph].
[20] http://www.mpi-hd.mpg.de/personalhomes/globes/index.html;
P. Huber, M. Lindner, W. Winter, Comput. Phys. Commun. 167 (2005) 195,
arXiv:hep-ph/0407333;
P. Huber, J. Kopp, M. Lindner, M. Rolinec, W. Winter, Comput. Phys. Commun.
177 (2007) 432, arXiv:hep-ph/0701187.
[21] P. Huber, M. Lindner, T. Schwetz, W. Winter, J. High Energy Phys. 0911 (2009)
044, arXiv:0907.1896 [hep-ph].
[22] T. Akiri, et al., LBNE Collaboration, arXiv:1110.6249 [hep-ex].
[23] P. Coloma, P. Huber, J. Kopp, W. Winter, arXiv:1209.5973 [hep-ph].
[24] M. Fechner, DAPNIA-2006-01-T.
[25] K. Abe, T. Abe, H. Aihara, Y. Fukuda, Y. Hayato, K. Huang, A.K. Ichikawa, M.
Ikeda, et al., arXiv:1109.3262 [hep-ex].
[26] A. Donini, D. Meloni, S. Rigolin, J. High Energy Phys. 0406 (2004) 011,
arXiv:hep-ph/0312072.
